The effects of the introduction of a sludge reduction process such as ultrasound on batch aerobic and anaerobic biodegradability after exposition to two metals (copper and cadmium) were investigated. The specific energy of ultrasonic treatment applied to the sludge was 200,000 kJ kg TS ) concentration improved aerobic biodegradability. For high metal concentration the maximal instantaneous biogas production rate q max inhibition by copper and cadmium was modeled by a saturation-type relationship under aerobic and anaerobic conditions. Under aerobic conditions, respiration inhibition was not affected by sonication. Cadmium inhibition (74%) was more than copper (58%). The positive effect of sonication on CO 2 production was maintained after metal introduction. Under anaerobic conditions, metal introduction cancelled out the positive effect of the treatment. The sonicated sludge was 16% less
INTRODUCTION
Biological treatment is the most widely (90%) used technology in urban wastewater treatment where large amount of excess sludge is generated. In France, 50-70 g TS·people equivalent À1 day À1 is treated (OTV ). The quantity of sludge is more and more difficult to manage. It counts 50% of the total cost of wastewater treatment. In the recent years, different strategies were developed aiming at the reduction in sludge production: uncoupling metabolism, hydrolysis, cellular maintenance, and predation. Among hydrolysis processes ultrasonic treatment is one of the most promising technologies (Odegaard ) . The effects of sonication on physico-chemical characteristics of sludge are well known (Bougrier et al. ) : flocs disruption, cells lysis, release of cell material and extra-cellular polymer substrates (EPS) such as proteins, nucleic acids and polysaccharides into water, solubilization of the particulate organic compounds and improvement of the biodegradability of sludge. The ultrasonically treated sludge can be recycled into an activated basin (aerobic digestion) or conveyed to a digester (anaerobic digestion) (Tiehm et al. ; Odegaard ) . The coupled process (ultrasonic pre-treatment plus digestion) leads to the reduction of the quantity of sludge. Among the wide variety of inhibitory substances present in urban wastewater, heavy metals are commonly found in sewage sludge and affect biological processes (Karvelas et al. ) . A study showed an increase in the quantity of heavy metals on dry weight during anaerobic digestion as a result of the microbial decomposition of organic compounds of sludge (Chipasa ) . The effects on sludge are complex and exceedingly difficult to study owing to the diversity of microorganisms present (Ye et al. ) . The most widely known mechanism for heavy metal toxicity is the irreversible inhibition of extracellular or intracellular enzymes upon binding of metal ions (Pamukoglu & Kargi ) . The acidogenesis and methanogenesis of an anaerobic process are readily affected by Cr, Cu and Zn. It has been reported that metabolic pathway shifts occurred when the metals concentrations varied (Lin & Shei ) .
Heavy metals can be stimulatory, inhibitory, or even toxic in biochemical reactions depending on metal kind, concentration, chemical forms of the metals, pH and oxydoreduction potential (ORP) (Li & Fang ) .
Copper is an essential metal for many organisms, but it is also very toxic. It is known to have a number of negative effects on sludge (Fjällborg & Dave ) . The microflora hydrogen production activity was reduced by 50% for a biomass that came into contact with 6.5 mg Cu L À1 . However lower concentrations of 3 mg L À1 resulted in hydrogen production stimulation (approximately 10-20%). The threshold concentrations were 4 mg L À1 (Lin & Shei ) . The IC 50
(50% Inhibition concentration) of copper, concentration at which the bioactivity of the sludge was reduced to 50% of the control, was 30 mg L À1 (Li & Fang ) . Cadmium was significantly toxic to the bacterial community in nutrient removal sludge (Tsai et al. ) . When the concentration was up to 5 mg L À1 , several bacteria known to be helpful to nutrient removal in activated sludge, such as Zooglea ramigera (floc-forming bacterium), Rubrivivax gelatinosus (phosphate-accumulating organism) and Nitrosomonas communis (nitrifier) could not be found in sludge (Tsai et al. ) .
Although much research has been directed toward the study of removal mechanisms of heavy metals, little attention is being paid to the effect of heavy metals on the performance of digestion after applying a process of sludge reduction such as ultrasound. Wang et al. () mentioned that the sonication can change the concentrations of metals in the supernatant of the sludge. This changement may modify the effects of heavy metals on the sludge. On the other hand, the effect on digestion would be helpful for the study of performance of digester. In this paper, the effects of copper and cadmium on aerobic and anaerobic digestion after sonication were investigated. In order to reach a high solubilization and biodegradability improvement, the specific energy of ultrasound applied on the sludge was 200,000 kJ kg TS À1 . The effects of different copper concentrations (between 1 and 100 mg L À1 ) and cadmium (between 1 and 40 mg L À1 ) on kinetics parameters were assessed. A series of batch experiments were conducted to investigate the inhibition effect of heavy metals. Batch tests allowed the measurement of maximal activities of heterotrophic and autotrophic biomass.
MATERIALS AND METHODS

Activated sludge characteristics
The activated sludge was collected from the municipal wastewater treatment plant of Limoges (France) (285,000 people equivalent). This plant treated domestic (85% v/v) and industrial (15% v/v) wastewater and was operated with advanced treatment activated sludge with an output of 47,000 m 3 per day in dry weather and 81,000 m 3 during the rainy period. In the experiments, total solid (TS) concentration of activated sludge was about 6 ± 0.15 g L À1 and collected from recirculation loop. The total organic solid (VS) content was 77 ± 3% of TS. Seed sludge for anaerobic digestion was collected from a mesophilic anaerobic digester from the same plant. The characteristics of activated sludge are listed in Table 1 .
Pre-treatment conditions
The ultrasonic apparatus was a Sonopuls Ultrasonic Homogenisers (HD 200/SH 213G). This apparatus was equipped with a probe (diameter: 12.7 mm) and worked with an operating frequency of 20 kHz and a supplied power of 200 W. Batch experiments were carried out in a 1 L beaker and without temperature regulation. The volume of the treated sample was 900 mL. Specific supplied energy (SE) was 200,000 kJ kg TS À1 . Specific energy (SE) was defined according to Equation (1) with P the ultrasonic power (W), t: ultrasonic time (s), V: sample volume (L) and TS 0 the initial total solid concentration (g L À1 ):
Aerobic and anaerobic digestion Aerobic and anaerobic digestion was performed in 120 mL flasks closed with Teflon coated stoppers and sealed with aluminium caps. Cultures were incubated and shaken by an agitator (120 rpm) under mesophilic conditions (35-37 W C).
The dissolved organic carbon (DOC) of inoculum was diluted to 300 C mg L À1 except in one flask was replaced by 
Biogas and sample analysis
Biogas analysis
The produced biogas was collected in calibrated glass cylinders. Gas composition (CO 2 , CH 4 and O 2 ) was evaluated with a Girdel Series 30 chromatograph equipped with a catharometric detector and a CTRO column. The carrier gas was helium and the column temperature was 60 W C.
The injector and detector temperature was 100 W C. Samples (250 µL) of the headspace gas in culture flasks were taken using with a gas tight syringe and manually injected into the GC. The standard deviation was estimated to 5%. The dissolved organic carbon (DOC) was measured after filtration (0.45 µm) with a TOCmeter (Dorhmann Phoenix 8000). The soluble metal concentrations were determined in the acidified filtrate by graphite furnace atomic absorption spectrometry GF-AAS (800 Varian).
Chemical oxygen demand (COD), Kjeldhal Nitrogen (TKN) and phosphorus concentration were measured by closed reflux colorimetric method using Dr Lange field kit. Carbohydrates and proteins were determined respectively using the colorimetric method of Dubois et al. () and the method of Lowry et al. () modified by Frolund et al. () . Measurements of total and organic solids were done on total sludge, which allowed the determination of total solids (TS), volatile solids (VS) and mineral matter (MM). They were also done on centrifugation pellets (6,000 g, 20 min, 4 W C) which allowed the determination of total suspended and volatile suspended solids (TSS and VSS). The measurements were done by using the normalized method (AFNOR ).
Kinetic parameters calculations
Specific and maximal instantaneous biogas production rate calculation: q biogas and q max
The specific instantaneous biogas production rate q biogas was calculated according to Equation (2).
Under aerobic conditions, biogas represented CO 2 production (mmolC) and under anaerobic conditions biogas represented both CO 2 and CH 4 production (mmolC). The maximal value of q biogas along time during batch test was noted q max (mmolC d À1 ).
Sludge matrix solubilisation assessment COD (S COD ), Proteins (S Proteins ) and Carbohydrates (S Carbohydrates ) solubilisation were calculated by using the difference between soluble concentration (X s ) and initial soluble concentration (X s0 ) divided by the initial particulate concentration (X p0 ). X represents either COD, Proteins or Carbohydrates concentrations (Equation (3)):
q max inhibition calculation and modelling
The inhibition percentage of q max (I) was calculated according to Equation (4), the subscript 'control' related to q max estimation without metal addition.
The evolution of I with increasing metal concentration was modelled by Equation (5): 
Matter repartition modifications
TS of sludge was not modified by the ultrasonic treatment but matter repartition was strongly affected (Figure 2 ) especially on organic matter. Particulate organic matter represented 76 ± 2% of TS before treatment compared to 48 ± 2% after treatment leading to an increase of the proportion of soluble organic matter from 3 ± 1 to 22 ± 2%. The mineral matter was also solubilised but in less proportion. The soluble mineral matter increased from 3 to 15% of TS. These results were in agreement with Bougrier et al. () .
Organic matter solubilisation
As reported previously (Bougrier et al. ; Wang et al. ) , the use of high specific energy sonication treatment (200,000 kJ kg TS À1 ) led to significant matter solubilisation (especially organic matter). Total COD value kept constant before and after treatment but particulate COD was converted to soluble COD in the proportion of 47%. Floc destructuration and organic matter release in the soluble phase led to an increase of nitrogen, carbohydrates and proteins concentrations in the soluble phase. Total nitrogen amount was constant before and after sonication but the level of soluble nitrogen is 70% higher after treatment. Proteins and carbohydrates solubilisation reached the significant values of 41% and 62% respectively and led to an increase of soluble content biodegradability. The soluble content BOD 5 value increased from 6 to 1,400 mg O 2 L
À1
after treatment and the concentration of dissolved organic carbon increased from 8 to 800 mg L À1 after treatment.
Ultrasonic treatment led to floc destructration and organic matter solubilisation. The impact of such modification on activated sludge react to metal contamination is questionable. flocs. Thus, it has the potential to interact with such as positively charged compounds (like copper or cadmium). We noticed a greater inhibition by cadmium after floc disruption treatment (sheared stress). Moreover they assumed that activated sludge processes that encourage smaller flocs particles, compared to process with large floc particles, and are more susceptible to cause respiration inhibition by soluble toxic compounds. The subsequent increase in specific area can potentially increase their potential toxicity by increasing the link capacities of metallic species to the floc (Kim et al. ). Sonicated sludge is then susceptible to be less resistant than non sonicated sludge to metal inhibition. This point is investigated in the next part.
Effect of copper addition on sonicated and non sonicated sludge biodegradability
Copper is indispensable to biomass growth, but when reaching high concentration, this element can become detrimental to biomass. Ultrasonic pre-treatment of sludge is known to improve aerobic and anaerobic biodegradability (Salsabil et al. ) . The evolution of biodegradability exposed to increasing copper concentration of non-sonicated and sonicated sludge was investigated in this part.
Aerobic biodegradability (Figure 3)
During the aerobic digestion, the endogenous CO 2 production was close to 0. Whatever the condition was, no lag phase was observed. Low copper concentration (5 mg L À1 ) addition increased CO 2 production of sonicated sludge: after 10 days, CO 2 production was more than in the sample without copper addition. The positive effect of sonication was also evident. Copper became toxic for sonicated and non-sonicated sludge for concentrations above 5 mg L À1 . For a copper concentration of 50 mg L À1 , the postive effect of sonication was more than the negative effect of metal. When the concentration reached 100 mg L À1 , ultrasound treatment effect was masked by the toxicity of copper.
The maximum specific gas production rate (q max ) was allowed to assess the effect of (i) metal concentration and (ii) of the ultrasonic pre-treatment (Figures 5 and 6 ). The positive effect of ultrasonic pre-treatment of sludge still existed on q max whatever the metal concentration was: the curve of treated sludge was above the curve of non-treated sludge. But the inhibitory effect of increasing copper concentration on q max was significant for concentration higher than 5 mg L conditions, mainly due to speciation modifications. In this study, copper inhibition cannot be considered as an attribution to pH variation because pH kept constant during the aerobic process. Another possible explanation of copper inhibition is a negative action on the growth yield coefficient ( 
Anaerobic biodegradability (Figure 4)
Whatever the conditions was, no lag phase was observed in our study. The most biogas production was attributed to the non-sonicated sample. Increasing copper concentration led to increasing biogas production inhibition. Even at low concentrations there was no positive effect of sonication on biogas production, contrary to what we observed under aerobic condition and to Lin & Shei () who observed anaerobic digestion enhancement for copper concentration lower than 2 mg L À1 . Copper inhibition was more for sonicated sludge than for non-sonicated sludge. This result was confirmed by q max calculation ( Figure 6 ). There was no positive impact of sonication: q max values for sonicated sludge were comparable to q max of non sonicated sludge. This result could be partly explained by the release of soluble copper after sonication (see Table 1 ) thus increasing copper toxicity on anaerobic flora: enzymatic activity were not protected anymore inside the floc structure or induction of metabolic pathways shift (Lin & Shei ) . For non-treated and treated sludge q max values decreased with increasing copper concentrations. For a very high copper concentration (100 mg L À1 ), q max values were equal for treated and non-treated sludge.
Effect of cadmium addition on sonicated and non sonicated sludge biodegradability
Cadmium is an industrial relevant toxicant that can upset activated sludge facilities. It has been shown to cause reduction in COD removal efficiencies (Pai et al. ) , nitrification and respiration inhibition (Madoni et al. ) . The impact of increasing cadmium concentrations on sonicated and non-sonicated sludge under aerobic and anaerobic condition was investigated. CO 2 production (under aerobic conditions, Figure 7 ) and CO 2 , CH 4 production (under anaerobic conditions, Figure 8 ) were plotted with time. On this basis, q max variation with increasing cadmium concentration was compared under the different conditions (Figures 7 and 8 ).
Aerobic biodegradability (Figure 7)
At low cadmium concentration (1 mg L À1 ), CO 2 production of sonicated and non-sonicated sludge was improved when compared to samples without cadmium addition. No lag time of CO 2 production was observed. For concentration above 5 mg L À1 cadmium became toxic for treated and nontreated sludge: a ten days lag time of biogas production was observed for most of the samples. When the concentrations increased, the effect of ultrasonic treatment was masked by the toxicity of cadmium. Cadmium toxicity was particularly significant on q max curves ( Figure 5 ). For concentration above 10 mg L À1 of Cd, q max values reached a minimal and stable value of 0.01 mmol d À1 comparable for treated and non-treated sludge without cadmium addition. For concentrations lower than 10 mg L
À1
, there was a beneficial impact of sonication: q max values of sonicated sludge were always above non-treated sludge values. An improvement of q max was also observed for non-treated and treated sludge for a cadmium concentration of 1 mg L À1 .
Anaerobic biodegradability (Figure 8)
Whatever cadmium concentration was, no lag time was observed for biogas production. The most biogas production was attributed to the non-sonicated sample. As in the case of copper addition, q max values (Figure 6 ) of sonicated sludge were lower or equal to non-sonicated sludge probably for the same reasons (see 3.1) which clearly indicated that the positive effect of sonication on q max is cancelled by metal addition. At low cadmium concentration (5 mg L À1 ) there was a positive effect on biogas production for non-sonicated sludge as previously reported by Altas ().
Respiration or biogas production inhibition
The level of inhibition or activation of q max was calculated according to Equation (4), the experimental I (%) were reported in the Tables 3 and 4 as a function of the metal concentration (Figures 9 and 10 ), I max was the maximum value of experimental I. A saturation-type relationship as in Equation (5) was used to correlate inhibition to the respective metal concentration of copper or cadmium. Model constant K I was fitted from experimental data by a non linear regression method (Newton algorithm) in Equation (5). Except in the case of cadmium addition under anaerobic conditions, it was not possible to determine the parameters of the model and to compare them to the experimental values. Then, using these values, the model (Tables 3 and 4) .
Under aerobic condition, the sensitivity of sludge to metal addition was not affected by a sonication treatment. I max experimental values were comparable for sonicated and non-sonicated sludge. On the contrary IC 50 values seemed to be affected by sonication. Under aerobic condition, non-sonicated sludge presented a higher tolerance to copper (89.9 mg L À1 , compared to 60 mg L À1 for sonicated sludge), despite of comparable experimental values of I max . On the contrary, sonication positively acted on cadmium tolerance as IC 50 increased from 0.87 mg L À1 for nonsonicated sludge to 13.1 mg L À1 for sonicated sludge.
Aerobic treated sludge was more sensitive to cadmium toxicity than to copper. I max value for cadmium was higher (74%) than for copper (58%) and the IC 50 value are much higher for copper than for cadmium. These results were confirmed by previous works on metal inhibition of aerobic sludge (Madoni et al. ) . Cadmium is known to be significantly toxic to the bacterial community in the sludge, leading to bacterial community disappear (Tsai et al. ) or to drastic inhibition of the specific oxygen uptake rate (Ong et Under anaerobic condition, the sensitivity of sludge to metal addition was affected by the sludge treatment and by the kind of metal. Sonication positively effected on I max experimental value for copper: I max was higher for non-sonicated sludge (55%) than for sonicated (40%) sludge, but negatively affected on I max experimental value for cadmium. Cadmium is more toxic for sonicated sludge (28%) than for non-sonicated sludge (18%). K I or IC 50 value for sonicated sludge confirmed a better tolerance to copper inhibition: 58.8 mg L À1 when compared to 15.6 mg L À1 for non-sonicated sludge.
CONCLUSIONS
Sludge reduction production processes such as ultrasound have been largely discussed in the literature and their positive effect on biogas production especially under anaerobic conditions is well known. But the ability of treated sludge to better resist to (or not to) metallic pollution has been rarely discussed. In these objectives, the effect of different copper or cadmium concentration on aerobic or anaerobic digestion kinetics was investigated and the following conclusions can be drawn. • Sonication causes important modifications of activated sludge matrix like floc disruption and organic matter release in the soluble phase. These modifications are susceptible to modify the inhibition of aerobic or anaerobic biodegradation by metallic species.
• Under aerobic condition, the positive effect on biogas production due to sonication was maintained even after copper or cadmium addition. Sonication did not affect sludge sensitivity to cadmium and copper. The maximal inhibition values of q max (I max ) were comparable for sonicated and non-sonicated sludge. Cadmium inhibition (74%) was higher than copper inhibition (58%). Low copper (<5 mg L À1 ) and cadmium (<1mg L À1 ) concentration had even a positive impact on the kinetics of biogas production especially when the sludge was ultrasonically pre-treated.
• Under anaerobic condition, the positive effect of sonication on biogas production did not exist anymore. Sonication had an impact on sludge sensitivity to cadmium and to copper. The sonicated sludge was 16% less sensitive to copper inhibition but 10% more sensitive to cadmium inhibition compared to non-sonicated sludge.
It is not possible in this study to conclude to a generalised potential increase of sludge sensitivity to copper or cadmium (except in the above mentioned case) due to sonication. The comparison between aerobic and anaerobic sensitivity to metallic species indicated very different mechanisms of inhibition. A more detailed study of enzymatic activities would allow a better understanding of the mechanisms involved in inhibition. 
